Liver surgery is a complex operation. During the operation, even with the help of realtime CT imaging, doctors often struggle in finding the exact tumor positions. This paper introduces a robot arm specially designed for assisting liver surgery. It includes a 5 DOF (Degree-of-Freedom) robot arm and a computer software system. The position resolution of the robot arm is 0.1mm and the software system is developed using Visual C++. The robot arm can hold an endoscope. With the help of electromagnetic position tracking device, the robot arm can also show the path of the endoscope during the surgery. To test the accuracy of the robot arm, a prototype is designed and built. The experiment results show that the position accuracy of the robot arm is 0.3mm, sufficient for assisting liver surgery. In addition, the cost of this system is only about US$10,000, much lower than thesurgical robot systems in the market.
INTRODUCTION
With the rapid development of biomedical technology, Minimally Invasive Surgery(MIS) has become the trend for surgery today. MIS has many advantages such as preserving more healthy tissues, reducing wounds, and promoting rapid recovery. In order to make MIS more effective, various auxiliary systemsare needed, such as real time CT imaging system and robot arm. In particularly, the robot arm can help doctors to hold the endoscope steadily. It helps to reduce the difficulty of the surgery and shorten the time of surgery, and more importantlyuncertainty of the manual operation. As a result, much research has been carried out [1] [2] [2] . In recent years, the technology has been gradually maturing, considering the safety [2] , remote operation [5] [6] [7] , learning control [8] , vision guided control [9] and training [8] .
This paper focuses on the robot. There have been a number ofrobotsin the market. The medical robots, such as ZEUS and Da Vinci have powerful functions and can be used for many kinds of surgeries. However, they are also very expensive and hence, cannot be adopted by developing countries. The industry robots, such as KUKA and ABB, on the other hand, do not have the right size and configuration for surgery. According to literature survey, there have been a large number of papers on designing and controlling surgical robots [11] [19] .
In cooperation with the 1 st Shenzhen Hospital, we designed and built a robot arm especially for liver surgery. Thislow cost robot can help doctors to hold the endoscope steadily, move in through a designed path, and visualize the endoscope position inside the patient during the operation. This paper presents our robot. The rest of the paper is organized as follows: Section 2 introduces the configuration of the robot. Section 3 presents the motion control of the robot. Section 4 contains experiment results. Finally, Section 5 contains conclusions and future work.
THE CONFIGURATION
According to surgery doctors, the key functions of the auxiliary robot shall include: (a) hold the endoscope steadily; (b) move the endoscope through a designed path avoiding important organs; and (c) visualize the motion of the endoscope throughout the operation.
To realize these functions, our robot has three Degree-of-Freedom(DOF)for positioning, as shown in Figure 1 , and 2 DOF for orientation, as shown in Figure 2 . Thus, it has a total of 5 DOF. We chose the Cartesian coordinate system for setting up the mechanism of the robot. The orientationwristconsists of two rotating joints. One rotates around Z axis and its rotation range is 0°~360°. It is driven by a step-motor mounted on the rotation plant and the motor is connected to a rotation plant by a coupling device. The other rotates about the rotation plant and its rotation range is 0~75 o . It is also driven by a step-motor. Note that it is the pitch arm and thus, the pitch arm can rotate in Z-X plant. As shown in Figure 2 , the axes of the two rotating joints intersect. Figure 4 , each of the two rotation joints has two holes; one hole is on the fixed part and the other is on the rotation part. The assembly of the joints is done by plugging the locating pin into the locating hole. The end effector of the robot is a mounting plate that can hold an endoscope and a laser transmitter. The laser transmitter indicates the moving path of the endoscope. For protecting and calibrating the robot, nine photoelectric limit switches are adopted. They are mounted on the three translation axes. Each axis has three limit switches: two are used for limit protection the other is used as zero position calibration.
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THE MOTION CONTROL
Before surgery, the doctor would determine the surgical path of the endoscope in the virtual space of a computer. During the surgery, the robot would follow designed path and indicate the actual path. As illustrated in Figure 5 , assuming Point C is the liver tumor and MC is the designed punctuation path. The robot will first adjust its posture, making the laser indicator line up to the surgical path MC. Then, it will moves along the line MC, carrying out the surgical operation. As shown in the previous section, the robot has five joints. The first three joints are translation joints, and the other two are rotation joints. We use the D-H method to analyze the movement of the robot. Figure 6 shows the coordinate system. 
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Plug in the parameters in Table 1 into Equation (7), the transformation matrix is: 
Planning of punctuation path. Figure 7 shows the computer interface for the surgical path planning. Before the surgery, the liver CT of the patient was got and the three-dimensional image can be reconstructed. Then the doctor can determine the punctuation path in the surgery. Figure 8 shows the robot prototype with the computer display. In particularly, an electromagnetic position tracking device is used to test the accuracy of the motion. The receiver of the electromagnetic position tracking device is fixed on a set position while the emitter is fixed on the end effector of the robot. When the emitter moves with the end effector, the receiver will indicate the motion trajectory point-by-point. The accuracy can then be assessed by comparing the designed trajectory and the actual motion trajectory. In the experiment, the X and Y axes are set to move 300 mm, and the Z axis is set to move 200 mm. The speed is set 5mm/s for all axes. For the orientation, the rotation angle of the rotation joint is set to change from 0 to 180°, and the pitch joint is set to change from 0 to 45°. The speed is 5°/s. In each case, 15 tests are carried out. The experiment results are shown in Figures9 and 10. To evaluation the location accuracy, we use the maximum error and the sum-of-square error defined below:
EXPERIMENT RESULTS
Where,
Based on the data above, it is found that the maximum error are
 =0.118mm, and z  =0.178mm. Therefore, the total maximum error and the total sum-of-squares error are:
Moreover, the maximum error and the sum-of-squares error of the rotating axis and the pitch axis
The second set of experiments involves the five axes moving altogether. Figure 11 shows the experiment results. Figure 11 (a) the positions of the effector: the large red mark is the designed position while the other marks are the 15 experiment results. Figure 11(b) shows the maximum errors of the 15 experiments. The average of the maximum error is 0.3 mm and the maximum of the maximum error is 0.45 mm. 
CONCLUSIONS AND FUTURE WORK
This paper introduces a low-cost robot arm for assisting liver surgery. The robot arm consists of 3 linear axes and 2 rotary axes. Its end effector includes a holder for endoscope and a laser prob. The experiment results show that the accuracy of the robot is 0.3 mm, sufficient for assisting liver surgery.
In the near future, animal tests would be carried out.
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